The radiation-damaged polystyrene material ("polycube") used in this study was synthesized by mixing a high-density polystyrene ("Dylene Fines # 100") with plutonium and uranium oxides. The polycubes were used on the Hanford Site in the 1960s for criticality studies to determine the hydrogen-tofissile atom ratios for neutron moderation during processing of spent nuclear fuel. Upon completion of the studies, two methods were developed to reclaim the transuranic (TRU) oxides from the polymer matrix.
iii
Summary
The radiation-damaged polystyrene material ("polycube") used in this study was synthesized by mixing a high-density polystyrene ("Dylene Fines # 100") with plutonium and uranium oxides. The polycubes were used on the Hanford Site in the 1960s for criticality studies to determine the hydrogen-tofissile atom ratios for neutron moderation during processing of spent nuclear fuel. Upon completion of the studies, two methods were developed to reclaim the transuranic (TRU) oxides from the polymer matrix.
• burning the polycubes in air at 873 K (a) • heating the polycubes in the absence of oxygen and scrubbing the released monomer and other volatile organics using carbon tetrachloride. (b) Neither of these methods was satisfactory in separating the TRU oxides from the polystyrene. Consequently, the remaining polycubes were sent to the Hanford Plutonium Finishing Plant (PFP) for storage.
Over time, the high dose of alpha and gamma radiation has resulted in a polystyrene matrix that is highly cross-linked and hydrogen deficient, and a stabilization process is being developed in support of Defense Nuclear Facility Safety Board Recommendation 94-1. Baseline processes involve thermal treatment to pyrolyze the polycubes in a furnace to decompose the polystryrene and separate out the TRU oxides. Thermal decomposition products from this degraded polystyrene matrix were characterized by Pacific Northwest National Laboratory to provide information for determining the environmental impact of the process and for optimizing the process parameters. A gas chromatography/mass spectrometry (GC/MS) system coupled to a horizontal tube furnace was used for the characterization studies. The decomposition studies were performed both in air and helium atmospheres at 773 K, the planned processing temperature. The volatile and semi-volatile organic products identified for the radiationdamaged polystyrene were different from those observed for virgin polystyrene. The differences were in the number of organic species generated and their concentrations.
In the inert (i.e., helium) atmosphere, the major volatile organic products identified (in order of decreasing concentrations) were styrene, benzene, toluene, ethylbenzene, xylene, naphthalene, propane, alpha-methylbenzene, indene, and 1,2,3-trimethylbenzene. In air, the major volatile organic species identified changed slightly, with the addition of benzaldehyde. The concentrations of the organic species in the inert atmosphere were significantly higher than those for the air atmosphere processing. For example, the concentration of benzene in the inert atmosphere was about two times higher than in air, and xylene in inert was seven times that of the air atmosphere concentration. Overall, 39 volatile organic species were identified in the inert atmosphere compared to 48 species in air. Twenty of the 39 species in the inert conditions were also products in the air atmosphere, and the remaining 19 of the organic species that were identified in the inert atmosphere were not generated during the thermal decomposition in air. Twenty oxidized organic products were identified during thermal processing in air, and 7 (butylbenzene, sec-butylbenzene, naphthalene,1,2-dihydro, naphthalene 2-methyl-, biphenyl, 1,1'-biphenyl,3-methyl-, naphthalene,1-ethyl-) additional organic species were generated due the presence of air.
Both the concentrations and number of the major semi-volatile organic compounds (SVOCs) also showed a significant effect of changing the atmosphere (i.e., inert to air). Thirty-one species (SVOCs) were identified in the inert atmosphere compared to 15 in the air atmosphere. Most of the species that were absent in the air treatment were the heavy molecular weight SVOCs. The reduction in the generation of heavy SVOCs will significantly reduce the plating out that will clog filters and pipelines during thermal processing. The SVOCs that were identified in both atmospheres showed higher concentrations in the inert atmosphere, thereby increasing the potential to form films in the piping. Consequently, the oxidation method may be the most effective and economical process to stabilize the damaged polycubes. v
Introduction
The polycubes stored at the Hanford Plutonium Finishing Plant (PFP) have been identified in a Vulnerability Assessment as material that requires a stabilization process in support of Defense Nuclear Facility Safety Board Recommendation 94-1. The baseline plan involves a pyrolysis process to separate out the plutonium and uranium oxides for treatment and packaging for interim storage, in accordance with the Record of Decision, issued June 25 1996, for the Plutonium Finishing Plant Stabilization Final Environmental Impact Statement, DOE/EIS-0244-F.
The polycubes, which were manufactured at Hanford in the 1960s for use in criticality studies (Lewis and Meng 1996) , are a mixture of plutonium and/or uranium oxides and a polystyrene (vinyl benzene) matrix, cast into the shape of "cubes." The "cubes" vary in size, typically ½ in. x 2 in. x 2 in. up to 2 in. x 2 in. x 2 in. The cubes were sealed with a coating of aluminum paint and/or tape (PVC or Shurtape). An estimated 1600 polycubes (calculated 179 kg net weight) are stored at the PFP, packed in vented food cans with five to eight cubes per can to accommodate gas generation by radiolysis.
The polycubes have a fairly high 240 Pu content, and the 7 to 8 Rad/hr contact dose rate presents a challenge for handling. Significant hazards associated with unstabilized polycubes arise from the polystyrene matrix, which generates hydrogen gas due to radiolysis. In addition, some cans of polycubes may contain fines; sufficient data have not been available to assess the hazards associated with the fines.
Baseline processes considered to stabilize the degrading polycubes involve a thermal treatment that will pyrolyze them in a furnace at 773 K to decompose and vaporize the polystyrene. Designing a thermal treatment process must take into account which organic species will be generated during pyrolysis. In particular, identifying products generated during thermal decomposition of the polycubes will provide information that will
• enable accurate estimates of the flammable organic species concentrations in the off-gas stream during testing of larger polycube samples on a TGA/DSC/MS system (Abrefah et al. 2000) • provide characterization information for environmental effluent analyses during the processing of the polycubes using the PFP muffle furnaces
• identify organic products from pyrolyzing a radiation-damaged polystyrene that can be compared with data from a pure form of polystyrene.
This report describes tests conducted by Pacific Northwest National Laboratory (PNNL) to identify the volatile and semi-volatile organic species that will occur during thermal processing of the PFP polycubes. The experiments and results of tests conducted in air and inert atmospheres are discussed.
2.1

Experimental
The volatile and semi-volatile organic products from the thermal decomposition of polycubes were characterized using a gas chromatography/mass spectrometry (GC/MS) method. Test samples ranging from 0.1 to 1 mg were cleaved from a degraded polycube (Polycube-1504, Figure 2 .1) that was one of the polycubes shipped from PFP to PNNL's Radiochemical Processing Laboratory (RPL) for the thermal stabilization studies. The cleaved samples were very small particulates with irregular shapes, and may have different fractions of organic phase to plutonium oxide ratios. 
GC/MS System
The products from pyrolyzing the degraded polystyrene were analyzed using a Hewlett Packard Model 5890/5989 GC/MS system with methodology similar to USEPA SW-846 methods 8260, 8270, and/or 8275. These methods cover the range of organic compounds from gases, such as butane, through polynuclear aromatic hydrocarbons, such as benzo(a)pyrene. A schematic of the GC/MS system is shown in Figure 2 .2. The system consists of a heating cell, a GC/MS, and a sparge gas supply. Separate analyses were performed for volatile organic compounds (VOCs) and semi-volatile organic compounds (SVOCs).
Typically, pyrolysis gas chromatography (PyGC) is performed using a pyrolysis probe or a pyrolysis autosampler. Since it was expected that pyrolysis of the polycube material will produce highly dispersible aerosol particles, a single-use pryrolsis cell and a heated filter were used to reduce radiological contamination. A horizontal tube furnace was used to heat samples of the polycube in helium and air atmospheres to a maximum temperature of 773 K. The VOCs and SVOCs were analyzed using the methods discussed below. 
2.2
Volatile Products
The volatile products were analyzed using a standard purge and trap autosampler. The sparging vessel was substituted with a pyrolysis cell made to accommodate milligram-sized solid samples, and to allow for rapid, controlled heating of the sample. Additionally, the system allowed the use of either an inert purge gas, such as helium or argon, or an oxidizing purge gas, such as air. A five-point calibration curve was performed for all compounds (SW-846 analyte list) that included VOCs, such as benzene, toluene, ethylbenzene, xylenes, styrene, n-butylbenzene, sec-butylbenzene, tert-butylbenzene, n-propylbenzene, 1,2,4-trimethylbenzene, 1,3,5-trimethylbenzene, and p-isopropyltoluene.
Semi-Volatile Products
The pyrolysis experiment for SVOCs was performed using an off-line sample preparation method. The polycube sample was pyrolyzed under the same conditions as in the VOC pyrolysis experiment; however, a solvent-filled sparger was used to trap the pyrolysis products rather than the adsorbent trap used in the VOC purge and trap method. This allowed for the analysis of higher boiling point constituents, such as acenaphthene, acenaphthylene, acetophenone, etc. Many higher boiling point compounds cannot be quantitatively recovered from a solid absorbent trap; hence, methylene chloride was used as the trapping solvent. The sparger containing the solvent was cooled in a methanol-dry ice bath to reduce evaporation of the methylene chloride while the pyrolysis purge gas flow was being sampled.
2.3
Identification and Quantitation of Uncalibrated Compounds
A computerized search of the National Institute for Standards and Technology mass spectral database and/or interpretation of the mass spectrum fragmentation pattern was used to identify any compounds that were detected but were not part of the calibrated analyte list. Analytes that were not part of the calibration mixture were quantified by comparing the peak response with that of the most closely eluting internal standard.
3.1
Results
As described in Section 2.0, the products of thermal decomposition of a degraded polystyrene (polycube) matrix were characterized using a horizontal tube furnace for heating the polycube samples to a temperature of 773 K. A GC/MS system was used for identifying the VOCs and SVOCs. In addition, a comparison test was performed using a virgin polystyrene sample.
Polycube Volatile Organic Compounds
The VOCs released and identified by the GC/MS system when a polycube sample (about 0.2 mg) was heated to 773 K are listed in Table 3 .1. Table 3 .1 also lists the 48 VOCs and their normalized (i.e., normalized to the initial sample weight) concentrations. The concentrations given for the "non-targeted" species were based on internal calibrations and, therefore, may not be representative of their true concentrations. Twenty species in Table 3 .1 contain oxygen in the molecular structure, suggesting they are products of either direct oxidation of the polystyrene or gas phase reaction of oxygen (i.e., air) and some of the organic products from pyrolysis. Figure 3 .1 shows the chromatogram obtained when the polycube decomposed in the air atmosphere, with indication numbers for some of the species listed in Table 3 .1.
Styrene monomer is by far the VOC with the highest concentration in the off-gas stream, followed by similar concentrations of benzene, toluene, benzaldehyde, ethylbenzene, and acetophenone. The total organic species was about 5 weight percent of the polycube sample's initial weight. This observation is far below the organic fractions identified for large polycube test samples in a thermogravimetric system (TGA/DSC/MS) by Abrefah et al. (2000) .
The VOCs identified when treating a polycube sample in an inert (i.e., helium) atmosphere are given in Table 3 .2 with their normalized concentrations. The number of species identified in the helium environment was 39 compared to the 48 products for thermal treatment in an air atmosphere. Styrene has the highest concentration in the off-gas stream, similar to the results in air. Figure 3 .2 shows the chromatogram of species identified. The numbers on the peaks correspond to the numbers in Table 3 .2. Thirteen of the VOCs identified in the inert atmosphere treatment that were considered to be major species were styrene, benzene, toluene, ethyhyl benzene, naphthalene, propane, alpha-methylstyrene, indene, xylene, 1,2,3-trimethylstyrene, benzene, 1-ethenyl-4-methyl, isopropylbenzene and, 1-methyl-1H-indene, in a decreasing order of concentrations.
The concentrations of the VOCs in the off-gas stream for polycube decomposition in the inert atmosphere are higher than their counterparts for the air treatment. The major species concentration ratios for inert to air atmospheres range from 2.1 (benzene) to 4.8 (naphthalene). These major species constitute about 85 weight percent of the total weight of VOCs identified during polycube pyrolysis in the inert atmosphere. The concentrations of benzene, toluene, and ethylbenzene are very close to each other, but styrene is about a factor of 2.2 greater. The concentrations of the four major species (i.e., styrene, benzene, toluene, and ethylbenzene) make up about 59 weight percent of the VOCs. 
Polystyrene Volatile Organic Compounds
The identified VOCs for pyrolyzing a virgin polystyrene in an inert atmosphere at 773 K are listed in Table 3 .3. Figure 3 .3 shows the total ion chromatogram of the VOCs identified. Styrene monomer is by far the highest concentration volatile organic product. The other major VOCs (i.e., toluene, ethylbenzene, xylene, etc.) identified for polycube decomposition at the same experimental conditions appeared as minor products for the virgin polystyrene. 
Polycube Semi-Volatile Organic Compounds
The SVOCs for polycube thermal treatment in both air and inert atmosphere conditions are listed in Tables 3.4 and 3.5, respectively. The concentrations of most of the species that were identified in the two atmospheres showed similar behavior to that observed in the VOC tests. Again, the concentrations of styrene, ethylbenzene, and alpha-methylbenzene that appeared in the SVOC testing showed a significant decrease in concentrations when the reaction atmosphere was switched from inert to air conditions. Tables 3.4 and 3.5 show that the total number of SVOCs decreased from 31 (inert) to only 15 (air), even though four oxygenated species were generated in the air atmosphere. The data for decomposition in argon (i.e., inert) in Table 3 .5 show oxygenated compounds (phenol, bezaldehyde, and acetophenone) as identified products, suggesting that the gas atmosphere was not completely inert. Argon was used to provide the inert atmosphere because it was available.
The chromatograms for both SVOC runs are shown in Figures 3.4 and 3 .5 for air and inert atmospheres, respectively. The air treatment chromatogram in Figure 3 .4 shows a limited identified species compared to the inert atmosphere chromatogram in Figure 3 .5. Most species in Figure 3 .5 were barely discernible, and yet they were positively identified products. The low signal intensities for the SVOCs made it difficult to positively identify one product during the air testing ("unknown" in Table 3 .4) and another product in the inert atmosphere ("unknown" in Table 3 .5). 
Discussion
Results for thermal decomposition of the degraded polystyrene show a number of volatile and semivolatile organic compounds that varied in concentrations and a number of species that were identified for the two atmospheres studied. The studies were performed at a constant temperature of 773 K to determine the species and their concentrations during polycube processing. Also at this temperature, the pyrolysis products were expected to be at their maximum levels. The data for the VOCs and SVOCs identified in Section 3.0 are discussed below.
Polycube Volatile Organic Compounds
The two reaction processes (i.e., oxidation and pyrolysis) in the air atmosphere generated the 48 organic species identified in Table 3 .1. These species include 20 oxygen-containing compounds that resulted from direct oxidation of the polystyrene matrix, in accordance with Gol'dberg et al. (1975) . The three main oxidation products of water, carbon monoxide (CO), and carbon dioxde (CO 2 ) that were reported by Abrefah et al. (2000) and Barney (2000) could not be monitored during this study because of their high background in the off-gas stream. Thirteen of the species identified had high enough concentrations to be considered major reaction products (Table 4 .1).
As noted earlier, styrene monomer is by far the VOC with the highest concentration in the off-gas stream, followed closely by concentrations of benzene, toluene, benzaldehyde, ethylbenzene, and acetophenone. These VOCs constitute about 60 weight percent of the total species observed; the five species (styrene, benzene, toluene, bezaldehyde, and ethylbenzene) that were monitored during the TGA testing of the polycubes by Abrefah et al. (2000) were confirmed by these results to be the main products in the off-gas stream that should serve as the baseline in determining flammability issues. The latter constitutes about 45 weight percent of the organic products. The only flammable species in Table 4 .1 that should be added in the further evaluation of treating the polycubes by the direct oxidation process is acetophenone. Benzaldehyde as an oxidative organic product was positively identified during the TGA studies, but three additional oxidative organic species (acetophenone, phenol, and benzofuran) were among the list in Table 4 .1 that were not considered in the data of the TGA results. The identification of acetophenone, benzofuran, and phenol agrees with the results for polystyrene oxidation in air reported by Gol'dberg et al. (1975) .
Thirteen major VOCs for the inert atmosphere decomposition of polycubes are listed in the Table 4 .2 in decreasing order of concentration. The concentrations of these VOCs in the off-gas stream for polycube decomposition in the inert atmosphere are higher than their counterparts for air treatment. The ratios of inert to air concentrations of these major species range from 2.1 (benzene) to 4.8 (naphthalene). These 13 species constitute about 85 weight percent of the total weight of VOCs identified during polycube pyrolysis in the inert atmosphere. The concentrations of benzene, toluene, and ethylbenzene are similar, but styrene is about a factor of 2.2 greater. The concentrations of the four major species (i.e., styrene, benzene, toluene, and ethylbenzene) make up about 59 weight percent of the VOCs. Figure 4.1 is a bar chart plot illustrating the decreasing trend for the VOC concentrations when the reaction atmosphere was switching from inert to air. The decrease in concentrations of the major organic products suggests that a large fraction of the polystyrene matrix was oxidized during the treatment in air, forming water, CO, and CO 2 that were not monitored during this study. The four oxidation products listed in Table 4 .1 constitute only a fraction of the concentration decrease when the atmosphere was changed from inert to air. The concentrations of all the major volatile organic products formed decreased by a factor of about 0.5 when the atmosphere was changed from pure inert conditions to air. This was likely due to the parallel oxidation reaction of the polycube with the air atmosphere plus the pyrolytic decomposition of the organic phase.
The virgin polystyrene, on the other hand, generated very few organic products, with the vast majority being the styrene monomer. A comparison of the organic products for the virgin polystyrene (in an inert atmosphere) and the polycube is given in Figure 4 .2. Styrene concentration for the virgin polystyrene was at least an order of magnitude greater than the highest value for the polycube decomposition in an inert atmosphere. The data show that the cross-linkage significantly alters the distribution and number of VOCs generated when a radiation-damaged polystyrene is thermally processed.
Polycube Semi-Volatile Organic Compounds
The major SVOC species (Figure 4. 3) for polycube decomposition in the two atmospheres (i.e., air and inert) did show significant changes in concentrations for the species identified, such as styrene, ethylbenzene, alpha-methylstyrene, and benzene,(1-methylethyl). These species showed a decrease in concentration similar to the observations for the VOC experiments. The reason for the decrease was 4.4 again the oxidation reaction in air that occurred as a parallel reaction to pyrolysis. The results indicate that the radiation damage to the polystyrene matrix has rendered the polycube amenable to an oxidation process that generates less SVOCs.
The number of heavy molecular weight SVOCs that have the potential for plugging filters and gas lines decreased when the decomposition atmosphere was switched from inert to air. Thus, an air atmosphere can be considered the optimum condition to stabilize the degraded polystyrene matrix, provided the flammable species concentrations stay below their lower flammability limits.
5.1
Conclusions
The major volatile organic species identified for polycube decomposition at 773 K were
• styrene, benzene, toluene, benzaldehyde, ethylbenzene, acetophenone, alpha-methylstyrene, and naphthalene in an air atmosphere, and
• styrene, benzene, toluene, ethylbenzene, naphthalene, propane, alpha-methylstyrene, indene, xylene, and 1,2,3-trimethylbenzene in an inert atmosphere.
The normalized concentrations of VOCs in the inert atmosphere were significantly higher than corresponding values in the air atmosphere, suggesting that the oxidation reaction decreases the concentrations of flammable organic species in the off-gas stream.
The concentrations and the number of major SVOCs that were identified and quantified significantly changed from the inert (argon) to the air atmosphere. Thus, the oxidation process may eliminate the heavy molecular species from the SVOCs that have the potential to plug up filters during polycube processing.
The depletion of hydrogen together with the cross-linked polystyrene matrix resulting from radiation damage significantly affect both the products and their concentrations in the off-gas stream when the damaged polystyrene is thermally decomposed.
